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SUMMARY

The results presented 1n the present paper represent a continuation
of a research program conducted in the Langley high-speed T- by 10-foot
tunnel to investigate the aerodynamic characteristics in pitch, side-~
slip, and steady roll of model confilgurations having vaeriations in the
wing geometric parameters. Presented herein are the aerodynamic charac-
teristics in pitch of wing-fuselage combinations with wings having an
aspect ratio of L4, a sweepback angle of h5°, and taper ratios of 0.3,
0.6, and 1.0. The Mach number range was from O0.40 to sbout 0.95 and the
Reynolds number range was from 2,000,000 to 3,000,000.

The results of the investigatlion indicate at low 1ift coefficients
a reduction in lift-curve slope and a forward movement in aerodynemic
center with an increase in taper ratio throughout the test range of
Mach number, as would be predicted from available theory. All wings
showed & rapid forward movement in aerodynamic center at the higher 1ift
coefficients; however, the 1ift coefficient at which this forward move-
ment started was found to lncrease with lncreased taper ratio.

Only small differences in minimum drag, drag due to 1ift, and 1ift-
drag ratios resulted from variation in taper ratio for the constant-
thickness~ratio wings investigated. AdJjustment of the thickness ratio
to provide equal aeroelastic characteristics may allow some lmprovement
in minimum drag and in 1lift-drag ratios as the taper ratio is reduced,
at least at the higher Mach numbers.

lSupersedes recently declassified NACA Research Memorandum L53E20
by Thomas J. King, Jr., and Thomas B. Pasteur, Jr., 1953.
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INTRODUCTION

A systematic research program has been carried out in the Langley
high-speed 7- by 10-foot tunnel to determine the aerodynamic character-
istics up to a Mach number of sbout 0.95 of various model configurations
in pitch, sideslip, and during steady rolling. The Reynolds number range
for the sting-supported models varies from 1,500,000 to 6,000,000,
depending on the wing plan form and the test Mach number. The Reynolds
number for the taper-ratlo serles of wings varied from ebout 2,000,000
to 3,000,000. - -

The wing plan forms used 1n the current research progrsm are simllar,
in general, to the plan forms investigated at lower Reynolds numbers
during a previous research program which utilized the transonic-bump
technique for obtalning results at transonic speeds. Some of the results
obtained from the transonic-bump program have been summarized in ref-
erence 1. Some similar or related wing plan forms also have been ilnvesti-
geted in other facilities. (For examples, see refs. 2 and 3.) All wings
of the present program have the NACA 65A006 sirfoil section parallel to
the plane of symmetry. As previous parts of the program, the effects of
aspect ratio on the piltch characteristics of 45° sweptback wings having
a teper ratio of 0.6, and the effects of sweep angle on the pitch cherac-
teristics of a series of wings having an aspect ratio of 4 and a taper
ratio of 0.6 are presented in references 4 and 5, respectively.

The present paper presents results of an investigation of the effects
of taper ratio on the aerodynamic characteristics in pitch of 45° swept-
back wings having an aspect ratio of 4 when mounted on the same fuselage
used for other parts of the program.

COEFFICIENTS AND SYMBOLS

The symbols used in the present paper are defined in the following _
list. The forces and moments are referred to a wind-axes system with the
orlgin located at the gquarter-chord point of the mean serodynamic chord.

A aspect ratio
or 1ift coefficient, E%gﬁ
Cp drag coefficient, Drag

as



NACA TN 3867 3

Pitching moment

Cn ritching-moment coefficient, <5
' Q
Ll drag due to 1ift, Cp - DCL=O
q dynamic pressure, %pVQ, 1b/sq £%
S wing area, sq £t
_ b/2
c mean aerodynamic chord, %k/n cady, £t
0]
c local wing chord, £t
b wing span, £t
1 fuselage length, in.
d fuselage diameter, in.
1/D 1ift-drag ratio
air density, slugs/cu £t
v free-stream veloclty, ft/sec
R Reynolds number of wing based on ¢, and evaluated in accord-
ance with reference 6
M Mach number
a angle of attack, deg
fa's ) loceal angle-of-attack change due to distortion of wing
K correction factor for Cy due to wing distortion
!
Cr, lift-curve slope per degree, OCL[dx
o

C
Aciﬂ% incremental change in aerodynamic-center location due to wing
distortion, fraction of mean aerodynsmic chord
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¥ spanwise distance from plane of symmetry, £t
A taper ratio

Subscripts:

F fuselage alone -

WF wing-fuselage comblnation D e

max maximum

MODELS AND APPARATUS

The wing-fuselage combinations tested are shown in figure 1. All
wings had an NACA 65A006 airfoil section parasllel to the plane of symme-
try and were attached to the fuselage In a midwing position. The wings
had a taper ratio of 0.3 and 1.0 and were constructed of solid aluminum
alloy; the wing with a taper ratio of 0.6 was of composite construction,
consisting of a steel core and a bismuth-tin covering. The aluminum
fuselage used in the present investigation was the same as that used for
those investlgations reported 1n references 4 and 5 and is defined by
the ordinstes presented in table I.

The wing-designation system, described in reference 4, has been
spplied to the present series of wings. For example, the wing degignated
by 45-%-0.6-006 has the quarter-chord line swept back 45°, an aspect
ratio of h end a taper ratio of 0.6. The pumber 006 refers to the air-
foil designatlon - in this case the design 1ift coefficient is zero and
the thickness is 6 percent of the chord.

The models wére tested on the sting-type support system shown in
figure 2 which has provision for a remotely controlled veriation in angle

of attack over a range of 28°. The intérnslly mounted strain-gage balaence

used to measure wing-fuselage forces and moments is shown installed in
a wing-fuselage combinatlion in figure 5. -

TESTS AND CORRECTIONS

The tests were conducted in the Lengley high-speed 7- by 10-foot
tunnel through a Mach number range from 0.40 to 0.95. Measurements of
1ift, drag, and pitching moment were made through an angle-of-attack

range from -2° to 260, except when more stringent limltations were imposed

because of the availsble wind-tunnel power, balance capaclty, or model

1 ‘  CO | TR
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strength. The size of the models caused the tunnel to choke at Mach
numbers of about 0.94% or 0.95 for the zero-lift condition.

Blocking corrections, which were applied to the Mach numbers and
dynamic pressure, were determined by the method of reference 7. dJet-
boundary corrections, applled to the lift and drag, were calculated by
the method of reference 8. The jet-boundary correction to pitching
moment was considered negligible.

No tare corrections were obtained; however, previous experience
indicates that, for tallless sting-mounted models of the type lnvesti-
gated herein, the tare corrections to 1ift and pitching moment are negii-
gible. The drag data have been corrected by an Increment obtalned by
adjusting the pressure at the base of the fuselage to equal the free-
stream static pressure. For this correction, the base pressure was
determined by measuring the pressure inside the fuselage at a point about
9 1lnches forward of the base. The resulting drag corrections, which were
added to the measured drag coefficlents, varied from 0.00L to 0.004 for
the three wing-fuselage combinstions and from 0.001 to 0.002 for the
fuselage alone as the Mach number was increased from 0.40 to 0.95.

The test wings were known to deflect under loed. Accordingly, in
an effort to correct the meesured data to the rigld case, correction
factors for the effects of aeroelastic distortion were determined. In
order to represent the distortion of the wing in an epproximate manner,
an elliptic load distribution was simulated by applying loads at four
spenwise locatlions along the guarter-chord line of each wing. The
resulting spanwise variation in angle of atteck /Zu was measured (fig. )
and strip theory was used to calculate the effect of this angle-of-attack
variation on the 1ift and 1ift distribution from whilch the correction
factors of figure 5 were determined. Results from independent calcu-
lations, using beam theory and including the effects of aercelastic dis-
tortion on the span load distribution, are in good agreement with the
results obtained by this anelysis.

The variations with Mach number of the mean test Reynolds number
for the wings tested are presented in figure 6. The Reynolds numbers
given in figure 6 were evaluated by using the charts and formulas of
reference 6, and are somewhat smeller in magnitude than the values indi-
cated in references 4 and 5. The difference in magnitudes can be atbtri-
buted to a difference in the method for evalusting the influence of tem-
perature on the viscosity of air, and in this sense the method used to
determine the wvalues of Reynolds number presented herein is regarded as
being the more accurate.



6- NACA TN 3867
RESULTS AND DISCUSSION

The basic data for the wing-fuselage comblnstions having wings wilth
taper ratios of 0.3 and 1.0 are presented in figures T and 8, respec-
tively. The baslc data for the taper-ratio-0.6 wing and for the fuselage
alone are presented in reference 4. None of the basic data have been
corrected for the effects of aeroelastlic distortion. Summary plots of
some significant zerodynamic parameters at zero 1ift (with corrections
for aeroelastic distortion aspplied) are presented in flgures 9 to 16.
Some additional comparisons of aerodynemic characteristics through the
1ift range asre shown 1n figures 17 to 20.

Lift Characteristics

The experimental lift-curve slopes measured near zero Lift (with
and without the aeroelasticity correction applied) are compared with
rigid-model theory in figures 9 to 1l. The theoretical results were
evaluated by the same method used in reference 5; that is, the incre-
ment of GQI at zero Mach number due to the fuselage and wing-fuselage

interference was evaluated from the wlng-fuselage theory of reference 9
and this increment was applied to the wing-alone theory of reference 10
throughout the Mach number range as follows:

(CL“WF)M i (CL‘W)M * l:(CLO‘WF) MO (chw) M=£|

For the wings with taper ratios of 0.5 and 0.6, the predictions obtalned
by this method sre in good agreement with experiment except at Mach num-
bers above about 0.8, vhere the predicted effects of compressibility are
somewhet too small. Similar results heve been noted previously. (For
example, see ref. 11.) The rather poor agreement between predictlions and
experiment for the taper-ratlio-l.0 wing seems to result from lneccuracy
of the method at zero Mach number.

A comparison of the experimental 1lift-curve slopeg for the three
wings (fig. 12) indicates, as would be expected, a consistent increase
in CL with decrease in taper ratio throughout the Mach number range.

Experimental and predicted results are presented as functions of taper
ratio in figure 13. In gereral, the agreement is good at a taper ratio
of 0.3, and, since the predicted variation with teper ratio is larger
than that obtained experimentally, the largest discrepancies occur at
the highest taper ratio (A = 1.0).
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Pitching-Moment Characteristics

The slopes of the pitching-moment curves BCm/BCL at zero 1lift

with and without corrections for aeroelastic distortion are compared

with predictions based on rigld-wing theory in figures 9 to 12. The

predicted results were obtained by modifying the wing-alone theory by
the same procedure indicated previously for 1lift-curve slope.

The experimentel values of aCm[aCL for these wlngs show gradusl

rearvard shifts in serodynemic center with increase of Mach number to
0.85 with small varistions for the wings having teper ratios of 0.6

and 1.0 but relatively large variations for the 0.3 tapered wing. In
the range of Mach number from 0.85 to 0.95 (the highest value attained),
large rearward shifts of the aerodynamic center occurred. Although the
experimentel and predicted values of BCmIBCL are in agreement at

M = 0.6, the predicted values show essentially no variation over the Mach
number range for which they are considered appllicable. The agreement
between experimentel and predicted values of OCp[dC;, below a Mach num-

ber of 0.9 is somewhat better for the wings with taper ratios of 0.6
and 1.0 than has been indicated for the wing with a taper ratio of 0.3.
A comparison of curves of OCp/dC;, plotted ageinst Mach number for the

three wings is shown 1n figure 12.

Comparisons of experimental and predicted variations of ch/BCL

with taper ratio for certain selected Mach numbers are shown in figure 1h.
Both experiment and theory indicate a forwsrd shift in aerodynamic center
with lncreasing taper ratio, and the agreement is reasonably good for
Mach numbers at least as high as 0.9.

A comparison of curves of Cp plotted against 5 for the three

wings under investigation is presented In figure 17 for four selected
Msch numbers. In order to provide a falrly realistic basis for compari-
son of high-1ift pitching-moment characteristics, the assumed center-of-
gravity locations for the wings with teper ratlos of 0.3 and 1.0 were
adjusted to give the value of mejBCL at CL =0 and at M= 0.6

that haed been obtained for the wing with & taper ratio of 0.6. The com-
parison shows that all wings have a pitch-up tendency (large forward shift
in aerodynamic center) at the higher 1ift coefficients. The wings differ,
however, in the 1ift coefficient at which pitch-up occurs and in the char-
acter of the curves before pitch-up. In general, all wings show some
tendency toward increasing stability prlor to pitch-up, and this increase
in stability is more abrupt for the wings having the higher taper ratios.
The pitch-up tendency or forward shift in serodynamic center occurs at
higher 1ift coefficients as the teper ratio is increased. This fact prob-
ably can be attributed to the smaller section 1ift coefficlents at the
wing tips and, consequently, a reduced tendency to tip stalling for the
wings having the larger tip chords.
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Drag Characteristics

Drag at zero 1lift.- A comparison of the zero-1ift drag for the three
wing-fuselage combinations 1s presented in figure 12. The lowest drag
was obtained for the taper-ratio-0.3 wing; however, the differences in
drag for the three wings were very small throughout the Mach number range
investigated. Flgure 15 gives the zero-lift drag for the fuselage alone,
based on wing area. Date for wing plus wing-fuselage interference drag
are obtained by subtracting the fuselage-alone drag of figure 15 from
the wing-fuselage drag of figure 12.

Drag due to 1lift.- Characteristics of drag due to 1lift for the three
wings are compered in figures 18 and 19. Although the differences are
generally smell, ‘the highest values of dreg due to 1ift are cbtained con-
sistently (at least at 11ft coefficients &bove 0.4) wilth the teper-
ratio-0.3 wing. At 1ift coefficients below 0.65, all wings show reduc-~
tions in drag due to lift with increased Mach number (fig. 19).

Lift-Drag Ratios

The highest velues of maximum lift-drag ratio were obtailned with
the taper-ratio-1.0 wing, except possibly at Mach numbers above 0.80.
The differences in values of (L/D)max' for the three wings, however,

are very small and asre probably of little significance. All three wings
show an abrupt reduction in (L/D)p.x &t Mach numbers sbove about 0.91.

Lift-drag ratios are plotted as a functlon of lift coefficient at
four selected Mach numbers in figure 20. As was polnted out wilth regard
to (L/D)gay, the effect of taper ratio on L/D throughout the 1ift-

coefficient range is small. Some superlority of the taper-ratio-1.0 wing
is agaln shown at high 1ift coefficients and at Mach numbers of 0.9L
and 0.93.

In comparing the performance characteristics of the particular
series of wings under investigation, the fact should be borne in mind
that 'the ratio of wing-section thickness to chord was meintailned con-
stant at 0.06 for the three wings. An indication of the effect of taper
ratio on the aeroelastic distortion characteristics of the three wings
can be obtained by comparing the curves of Am/qCL given in figure 4

for the wings having teper ratios of 0.3 and 1.0. (The teper-ratio-
0.6 wing should not be included in this comparison because the materials
used in its construction were not the same as those of the other two
wings.) The angular distortion for the tsper-ratio-0.3 wing is only
ebout 60 percent as large as that of the taper-ratioc-1.0 wing. It is
evident, therefore, that, for the same aeroelastic properties, the
thickness-chord ratio could be reduced somewhat as the taper ratio is



NACA TN 3867 9

decreased, and this in turn would be expected to result in improved per-
formance characterlstics for the wings of lower taper ratio - at least
in the higher range of Mach numbers.

CONCLUSIONS

The results of the investigation at high subsonic speeds of a series
of wings of varying taper ratio and with an aspect ratio of bk, a quarter-
chord sweepback angle of 45°, and an NACA 65A006 airfoil section indicate
the following conclusions:

1. The lift-curve slope decreased wlth an increase in taper ratio
throughout the test range of Mach numbers, as would be predicted by
availlable theory.

2. The aerodypamlic center at low 1ift coefflicients moved forward
with an increase in teper ratio at all test Mach numbers, as indicated
by theory. All wings showed e rapld rearward movement of aerodynamic
center above a Mach number of about 0.85; however, only the taper-ratio-0.3
wing showed an appreclable rearward shift within the lower Mach number
range.

5. All wings showed a raplid forward movement in aerodynamic center
at the higher 1ift coefficlents; however, the 1ift coefflcient at which
this forward movement started was found to lncrease with lncreased taper
ratio.

L. For the series of wings investigated, in which the ratio of sec-
tion thickness to chord was maintained constant, there were only very
small differences in minimum drag, drag due to 1lift, or 1ift-drag ratios
for the varilous wings. The aeroelastlic distortion was reduced, however,
as the taper ratio was reduced; therefore, 1f the thickness ratlos had
been adjusted to provide more nearly equal saercelastic characteristics
for the three wings, it is possible that some lmprovement in minimum drag
and in lift-drag ratios would have resulted from a reduction in taper
ratio, at least for the higher Mach numbers. :

Langley Aeronesutical Laboratory,
National Advisory Commlittee for Aeronautics,

Langley Field, Va., May 19, 1953.
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TABLE I.- FUSELAGE ORDINATES

[Easic fineness ratio 12, actual fineness ratio
9.8 achieved by cutting off rear portion of body]

Y

- / =49.20 in;
60981

Ordinates, percent length
Station Radius
0 0

.61 .28
91 .36
1.52 52
3.05 .88
6.10 1.47
9.15 1.97
12.20 2.0
18.29 3.16
2k.39 3.77
30.49 4.23
36.59 k.56
L2.68 L.80
L8.78 k.95
5’4.88 5‘05
60.98 5.08
67.07 5.0L
73.17 h.91
79.27 L.69
85.37 k.34
91.L6 3.81
1m°00 3035
L. E. radius = .00061




Wing geometry Fusslage

g;:; 22;053;; Lenath 49.20in.
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Aspect ratio { from nose of modgal)
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Ditedral o

Airfoil section
paraitet 10 Tusenge &
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|
3
T
%

JACA 85 4005 0 0 20
oot

Scale , inches —_—

e

Wing 45-4-03-006 Wing 45 -2.06-006 Wing 45-4-10-006
Tapsr raiic o3 Taper rali o8 Taper ralic 0
Rool chord 385 in. Rool chord HES in. Rool chord 200 in
Tip chord 448 in Tip chord 75 in. Tip chord 200 in.
Mean aerodynamic Mezan aerodynamic Maan aerodynamic

chord 0.822ft chord 0765 ft chord 0.7501t
(Basic dala presented in Raf &)

Figure 1l.- Drawing of the three wing-fuselege configuraticns.
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Filgure 2.- Mpodel installed on the variable-engle sting support used in

the Lengley high-speed 7~ by 10-foot tunmel.
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Figure 3.- Model showing installation of the strain-gage balance.
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Figure 5.~ Correction factors used Lo correct the summery date for the
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fuselege configuration. Not corrected for aercelastic distortion.
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Figure 8.- Continued.
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Figure 8.~ Contlnued.
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Figure 13.- Effect of taper ratio on the lift-curve slope at four Mach
numbers., (Corrected for seroelastic distortion.)



